Abstract. A mechanism for generating decadal sea surface temperature (SST) variability in the equatorial Pacific is investigated using an ocean general circulation model forced by observed wind stress. Equatorial SST variability is governed by different ocean dynamics on interannual and decadal time scales. At interannual time scales, equatorial SST anomalies are mainly driven by equatorial winds. At decadal time scales, on the other hand, they are forced both by equatorial winds and by off-equatorial winds in the tropics, while the contribution from midlatitude winds poleward of 25 o is negligible. Trade-wind variations in the offequatorial tropics force equatorial SST variability by spinning up and down the subtropical cells that transport cold water into the equatorial upwelling zone. Equatorial SST anomalies induced by this mechanism lag behind the response to local equatorial winds by about two years.
Introduction
Equatorial Pacific sea surface temperature (SST) is of central importance to global climate, for example, as in the interannually varying El Niño and the Southern Oscillation (ENSO) phenomenon. In addition to ENSO, eastern equatorial Pacific SST anomalies (SSTAs) also display significant decadal/interdecadal variations that modulate the amplitude and frequency of ENSO [An and Wang, 2000; Fedorov and Philander, 2000] . The leading empirical orthogonal function of Pacific SST variability on decadal time scales resembles that of interannual ENSO, but the equatorial center of action is weaker and has a much broader meridional scale [Zhang et al., 1997] .
The cause of decadal SSTAs in the equatorial Pacific is not yet clear. Some argue that the nonlinearity of the tropical ocean-atmosphere can, by itself, give rise to chaotic modulation of ENSO on decadal and longer time scales without involving the extratropics [Timmermann and Jin, 2001] . Noting that the sharp equatorial thermocline is maintained by transport of cold water subducted in the subtropics (Fig.  1) , others suggest that variability of the shallow meridional overturning circulations, the Subtropical Cells (STCs; McCreary and Lu, 1994; Liu, 1994) , play a key role through either of the following mechanisms: i) advection to the equator of temperature anomalies formed by subtropical subduction [Gu and Philander, 1997; Zhang et al., 1998 ]; or ii) changes in STC strength, which cause equatorial SSTAs by varying the amount of the cold water that is transported into the tropics [Kleeman et al., 1999] . Hereafter, we refer to the two STC processes as the V T and the V T mechanisms, respectively. These mechanisms may also work in the Atlantic, which also has STCs [e.g., Inui et al., 2001] .
Recent studies suggest that the V T mechanism is more viable than V T . For example, although the V T mechanism is important for generating subsurface variability in the subtropical gyre [Deser et al., 1996] , modeling results suggest that it does not significantly affect equatorial temperature [Schneider et al., 1999] , as observed subtropical SSTAs are severely weakened by mixing before they reach the equator . Conversely, in their analysis of historical hydrographic data, McPhaden and Zhang [2001] report a gradual increase in equatorial SST in recent decades and a simultaneous decrease in the equatorward geostrophic transport across 9 o S and 9 o N, consistent with the V T mechanism.
The preceding ideas are based on simple coupled oceanatmosphere models, and they are currently poorly constrained by ocean observations because the available records are too short in time and too coarse in space. In this paper, we investigate them further using an ocean general circulation model (GCM) of the Pacific. Specifically, we ask: Are the same ocean dynamics responsible for SST variability on both interannual and decadal time scales? Can offequatorial forcing significantly influence equatorial decadal variability, and if so by what mechanism? The answers to these questions constrain theoretical possibilities.
The GCM we use is Modular Ocean Model version 1.1. It is forced by observed wind stress for 1958-97 [Kalnay et al., 1996] , and the SST and sea-surface-salinity (SSS) fields are restored toward observed monthly climatologies with a time constant of γ = 1/14 days −1 for the top 10-m water column. See Xie et al., [2000] for details of the model set up. The use of surface restoring boundary conditions eliminates anomalous atmospheric thermal forcing, so that ocean dynamics are responsible for all the model's temperature variability. As a result, the model's SST variability is greatly reduced in the central and eastern North Pacific, where the atmospheric thermal forcing (by wind-induced evaporation, for example) is important [Alexander et al., 2001] . Thus, the V T mechanism in the model is essentially eliminated. 
Equatorial SSTAs
, a region chosen because of its large decadal SST variability, both for the solution forced by the full observed winds (the "control" run hereafter; red curves) and for observations (black). Observed SSTAs have a warming trend larger than that in the solution, and the trends are removed for easier comparison in all the following analyses. The time series successfully captures all the El Niño events (1965, 69, 72, 76, 83 and 92) . This is not surprising because ENSO SSTAs are known to be caused by ocean dynamics, with atmospheric thermal forc- ing acting as a damping. While the decadal anomalies (thick curves) are not perfectly reproduced, the solution captures the rapid increase in equatorial SST in the mid-1970s and a cooling dip that bottomed in 1989. The relatively large discrepancy before 1980 between the two filtered curves may be due to errors in the forcing wind data.
Interannual ENSO is known to be associated with wind variations within a narrow equatorial band. To see if the detrended component of T eq is governed by the same equatorial-wave dynamics, we obtained a solution with the wind stress τ split into its 40-year mean climatology τ and deviations from it τ and with τ suppressed in a 10 o -wide equatorial zone by applying the weight function,
where θ is latitude in degrees. Curves of T eq for the resulting solution (hereafter labeled "NoEQ") are provided in Figs. 2B and 2C (green curves), the two panels showing decadal and interannual variability, respectively; the former is obtained by applying a 9-year, weighted, running-mean filter, and the latter is the difference between unfiltered and filtered time series. In comparison to the control run (red curves), solution NoEQ has almost no interannual variability (Fig. 2C) . In contrast, its decadal component remains strong, with its amplitude typically decreasing by less than half (Fig. 2B) . This difference suggests that decadal variability is governed by different dynamics than interannual ENSO, involving wind variability outside the equatorial wave guide.
To test the influence of midlatitude winds, we obtained another solution forced by a version of the observed winds with neither equatorial nor midlatitude wind variability, the latter implemented by applying weight functions similar to (1) south of 20 o S and north of 25 o N (the north-south asymmetry resulting from the asymmetry of the winds). Equatorial SSTAs remain nearly identical to those in the NoEQ run, indicating that midlatitude wind variability is unimportant for forcing them.
Finally, to examine the effects of local equatorial wind variations, we forced the model with wind anomalies only near the equator using the inverse weight function, 1 − f (θ). This solution (hereafter labeled "EQ") also has a significant decadal T eq (purple curve in Fig. 2B) , with an amplitude almost the same as that in the NoEQ run (green line). In fact, the sum of T eq curves for the EQ and NoEQ solutions reproduces the curve for the control run very well, indicating that the equatorial SST variability is quite linear in response to wind forcing. Furthermore, it is noteworthy that T eq for solution EQ leads those in both the control run and solution NoEQ by 1 and 2 years, respectively, as determined by a lagged correlation analysis.
Influence of STC variability
The preceding experiments demonstrate that wind variability in the off-equatorial tropics is an effective mechanism for generating equatorial decadal SSTAs. Here, we analyze solution NoEQ to determine how remotely driven effects are communicated to the equator.
A useful diagnostic is the heat-anomaly budget for the tropical upper ocean. It is defined by the volume integral of the model's temperature-anomaly equation in a box that extends across the basin from ys = 11 o S to yn = 15 o N and from −550 m to the ocean surface. Latitudes ys and yn define the boundaries of the tropics in our model; they are the bifurcation latitudes of the model's South and North Equatorial Currents, that is, where the currents divide at the western boundary to flow either poleward to return to the subtropics or equatorward to participate in the STCs. The bottom is deep enough to encompass almost all of the mean STC (Fig. 1) . The resulting heat-anomaly equation can be written
where H is the anomalous heat content in the box, V is the heat transport into the box through its sides and bottom, Q = γ A T 0 dxdy is the integral of the surface heat flux out of the box over its horizontal area A, and T 0 is the solution's SSTA field. Figure 3A plots V (blue curve) and Q (red curve) for solution NoEQ. It also plots the strength of the meridional streamfunction anomaly ψ , M ≡ ψ (yn, zm) − ψ (ys, zm), where zm = −20 m is the depth at which M attains its maximum value (as for ψ in Fig. 1) .
The Q curve is very similar to decadal T eq ( Fig. 2B ; green curve), and to a good approximation Q = bT eq , b = 2.83 × 10 14 W o C −1 . This agreement is not surprising since Q is proportional to the average of T 0 over area A in our model. As shown in Figure 3B , there is also a close relationship between Q and H , with H = aQ , a = 841 m. The two relations imply that T eq = (1/ab)H , a clear statement that equatorial SST anomalies are dynamically driven, namely, by vertical shifts in the depth of the thermocline.
The preceding relationships allow (2) to be rewritten for decadal time scales as
According to (3), we interpret T eq to be forced by V . If we assume that V varies sinusoidally with period P , we can solve (3) analytically. Without Q , the last term in (3) is absent, and T e lags V by a quarter cycle. With Q and the above value for a, the lag is about 2 years when P = 10 years, consistent with the lag of 1-2 years found in the solution (blue and red curves in Fig. 3A ) based on a lagged correlation analysis. It remains to determine the cause of V . Ignoring the trend in M , there is an obvious close relationship between −M and V in Figure 3A , suggesting that V is driven by variations in the STC strength. A lagged cross-correlation analysis, however, shows that −M lags V by 1 to 2 years. In fact, the STC branches do not spin up simultaneously, the surface Ekman layer responding nearly instantaneously to wind variations and the subsurface geostrophic flow adjusting more slowly via the propagation of baroclinic waves [Klinger et al., 2001] . The V curve is determined in large part by the fast surface response that drains surface warm water out of the tropics, thereby leading −M .
Theories of ocean circulation suggest that M is in turn controlled by the zonal wind stress on the boundaries between the subtropics and tropics [McCreary and Lu, 1994] . Briefly, in response to an increase in the trades, strengthened Ekman flow transports more warm surface water out of the tropics, which therefore must be compensated by an increased equatorward transport of cool subsurface water, thereby leading to a cooling of equatorial SSTs [Kleeman et al., 1999; Klinger et al., 2001] .
Summary and Discussion
We have investigated the causes of decadal SST variability in the equatorial Pacific using an ocean GCM driven by observed wind stress. In contrast to interannual SST variability, which is largely forced by changes in the nearequatorial winds, decadal SST variability is driven nearly equally by equatorial winds and off-equatorial winds in the trade-wind bands (20 o -8 o S and 8 o N -25 o N). The part of equatorial decadal variability driven by off-equatorial winds is closely related to the strength of the STCs in both hemispheres, consistent with the V T mechanism [Kleeman et al., 1999] . Moreover, the trend of the STC strength (dashed line in Fig. 3A ) is also consistent with the observed variability of equatorward geostrophic flow reported by McPhaden and Zhang [2001] .
Our experiments also show that the STC-induced SSTAs lag roughly two years behind those in response to local equatorial winds. This lag suggests that local forcing by equatorial winds initiates decadal SST anomalies and that remote forcing subsequently maintains and strengthens them. This time lag may be part of the oceanic response to a tropicalwide change in the trade winds as follows. Relaxed easterlies, by rapid equatorial wave adjustment, lead to a deeper thermocline and an SST increase in the eastern equatorial Pacific. The reduced trade winds will further give rise to a delayed equatorial ocean warming by weakening the STCs. Thus, on decadal and longer time scales, the STCs act cooperatively with the ENSO-type equatorial-wave adjustment to cause SST variability in the equatorial Pacific.
The delayed effect of the STCs on SST also suggests that STC variability plays a secondly role in the dynamics of decadal oscillations, acting more to amplify than to initiate them. The cause of the wind variability that drives equatorial decadal variability remained to be determined. Our results, however, are consistent with the hypothesis that T eq is caused by extratropical modes of decadal variability [Miller and Schneider, 2000] that force equatorial wind variations, for example, via atmospheric teleconnections [Pierce et al., 2000] .
